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The imprinted mouse gene Gnas produces the G protein a-subunit G and several other gene products by
using alternative promoters and first exons. Gga is maternally expressed in some tissues and biallelically ex-
pressed in most other tissues, while the gene products NESP55 and XLas are maternally and paternally ex-
pressed, respectively. We investigated the mechanisms of Gnas imprinting. The Ggo promoter and first exon are not
methylated on either allele. A further upstream region (approximately from positions —3400 to —939 relative to the
Gga translational start site) is methylated only on the maternal allele in all adult somatic tissues and in early post-
implantation development. Within this region lies a fourth promoter and first exon (exon 1A) that generates
paternal-specific mRNAs of unknown function. Exon 1A and Ggqa mRNAs have similar expression patterns,
making competition between their promoters unlikely. Differential methylation in this region is established dur-
ing gametogenesis, being present in oocytes and absent in spermatozoa, and is maintained in preimplantation
E3.5d blastocysts. Therefore, this region is a methylation imprint mark. In contrast, differential methylation
of the NESP55 and XLas promoter regions (Nesp and Gnasxl) is not established during gametogenesis. The
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methylation imprint mark that we identified may be important for the tissue-specific imprinting of Ggao.

Genomic imprinting is an epigenetic phenomenon affecting
a small number of autosomal genes that results in differences
in gene expression between the maternal and paternal allele
and explains why both paternal and maternal genomes are
required for normal development (3, 12, 38). Mutation, dele-
tion, and dysregulation of imprinted genes have been impli-
cated in several human diseases, such as the Beckwith-Wiede-
mann, Prader-Willi, and Angelman syndromes and Albright
hereditary osteodystrophy, and in carcinogenesis. Virtually all
imprinted genes have regions in which CpG dinucleotides are
differentially methylated between the maternal and paternal
alleles. Loss of imprinting in mice lacking a DNA methyltrans-
ferase gene (28, 29) strongly suggests that allele-specific meth-
ylation differences are critical for the maintenance of imprint-
ing. The presence of differentially methylated regions (DMRs)
in the male or female germline (methylation imprint marks)
that are required to establish differential methylation at other
loci within the same imprinted region in later development
(12) strongly suggests that methylation is important for estab-
lishing the maternal and paternal epigenotypes (methylation
and expression patterns).

Heterozygous inactivating mutations within GNAS1, the hu-
man gene at 20q13 that codes for the heterotrimeric G protein
a-subunit Gga, lead to multihormone resistance only when
inherited through the maternal germline (13, 42). Gga is a
ubiquitously expressed protein that is required for hormone-
stimulated cyclic AMP generation. Maternal-specific expres-
sion of Gga in hormone target tissues likely explains the hor-
mone resistance that results from maternal inheritance of
GNASI mutations. Imprinting of Gga has not been confirmed
in humans (9, 17, 18). However, we showed, using Gnas knock-
out mice (Gnas in distal chromosome 2 is the mouse ortho-
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logue of GNASI) that Gga is imprinted in mice in a tissue-
specific manner, being maternally expressed in some tissues
(e.g., renal proximal tissues and adipose tissue) and bialleli-
cally expressed in most other tissues (43, 47, 48).

Gnas has at least four alternative promoters and first exons
that generate multiple imprinted mRNAs (Fig. 1). The gene
was originally defined by 13 coding exons for Gqa (exons 1 to
13) (27). Three additional Gnas mRNAs result from splicing of
alternative first exons to exon 2. Alternative promoters located
30 and 45 kb upstream of Gga exon 1 are oppositely imprinted
and produce mRNAs encoding XLas, a Golgi-specific isoform
of Gga, and the chromogranin-like protein NESPS5S5, respec-
tively (17, 18, 26, 34). XLas is expressed from the paternal
allele, and its promoter region is methylated on the maternal
allele, whereas NESP55 is expressed from the maternal allele
and its promoter is methylated on the paternal allele (17, 18,
34). Both proteins are expressed primarily in neuroendocrine
tissues, and little is known about their function (21, 25). These
two promoter regions have been named Gnasx/ and Nesp (18).
A fourth alternative promoter and first exon (which we call
exon 1A) located 2.5 kb upstream of Gga exon 1 generates
mRNAs that are probably untranslated and are of unknown
function (22, 36). The imprinting status of the exon 1A pro-
moter has not been determined.

Given the close proximity of the oppositely imprinted Gnasx!
and Nesp promoters and the similar tissue distribution of their
mRNAs, it is possible that they coordinately regulate each
other, as has been suggested for other closely linked imprinted
genes (2, 3). However two observations make it unlikely that
either promoter or their mRNAs are involved in the tissue-
specific imprinting of Gga. First, the mRNAs of both promot-
ers are expressed in several human tissues in which the Gga
transcript is biallelically expressed (17, 18). Second, we were
unable to amplify either transcript in mouse tissues in which
the Gga transcript is imprinted (e.g., brown adipose tissue
[BAT]) (S. Yu and L. S. Weinstein, unpublished data).

To define the mechanisms that lead to imprinting of the
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FIG. 1. Schematic diagram showing the maternal (Mat) and paternal (Pat) alleles of Gnas. Alternative first exons which splice into exon 2 to generate alternative
mRNAs encoding NESP55, XLas, an unknown gene product, and Gga are shown as boxes labeled NESP, XLas, 1A, and 1, respectively. Exons 2 to 13 and the two
closely linked exons encoding NESP55 are each shown as a single box. The nucleotide positions of the 5" and 3" ends of exons 1 and 1A and the approximate locations
of the NESP55 and XLas exons are indicated (all numbering in Fig. 1 to 7 is relative to the exon 1 translational start site). The NESP55 and XLas promoter regions
have been named Nesp and Gnasxl, respectively (34). Transcriptionally active promoters are designated by horizontal arrows, and regions of differential methylation
are outlined above each allele. The splicing of each first exon to exon 2 is indicated below each allele. The dashed horizontal arrow for exon 1 in the paternal allele
indicates that this promoter is active in some tissues and inactive in other tissues. Differential methylation and allele-specific expression of Nesp and Gnasxl has been
previously reported (17, 18, 34). Maternal-specific methylation and paternal-specific expression of exon 1A is presented in this paper.

Gnas locus in general and tissue-specific imprinting of Gga in
particular, we determined the methylation status of the Gga
promoter and of the region immediately upstream of the pro-
moter. In this paper, we show first that imprinting of Gga is not
associated with methylation of its promoter. Second, we iden-
tify a region upstream of the Gga promoter that is methylated
on the maternal allele in all tissues examined. Within this
region is exon 1A (22, 36), which generates mRNAs only from
the paternal allele. This upstream region is a methylation im-
print mark, as methylation in this region is established during
gametogenesis and maintained throughout pre- and postim-
plantation development.

MATERIALS AND METHODS

Genomic DNA clone isolation and sequencing. A mouse genomic DNA clone
(strain 129/SvJ) containing a 12-kb insert including Gnas exons 1 to 3 was
isolated as previously described (48). An ~7.4-kb NotI fragment including exons
1 and 2 and ~3.0 kb of upstream sequence was subcloned into pBluescript
KS(+) (Stratagene) to generate plasmid pSHY46 and sequenced in both direc-
tions by automated sequencing.

Mice. Normal CD1 mice were obtained from Charles River and 129/Sv] mice
were provided by Eric Lee (National Institute for Child Health and Human
Development, National Institutes of Health [NIH]). 129 X CD1 and CD1 X 129
mice (using the convention female X male) were generated by mating 129/Sv]
females with CD1 males and CD1 females with 129/Sv] males, respectively.
Mice with insertion of a neomycin resistance cassette into exon 2 of Gnas were
created by targeted mutagenesis as previously described (48). The mutant al-
lele was created in the J1 embryonic cell line (strain 129/SvJ) and heterozygotes
were continuously crossed with normal CD1 mice. Therefore in heterozygotes
(Gnas™'~ and Gnas™'*, using the convention Gnas™atemal/paternal) the normal
and mutant alleles are derived from CD1 and 129/Sv], respectively. Animals
were cared for according to NIH institutional guidelines.

RNA isolation and primer extension analysis. Total RNA was isolated by the
TRIZol method (Gibco/BRL) and poly(A) selected (Qiagen). Primer extension
analysis was performed using a primer extension system (Promega). The oligo-
nucleotide primer 5'-CGGGGAGGGTGGCGGCTCGGACTAAGGCAA-3'
(positions —82 to —111 relative to the exon 1 translational start site) was end
labeled with [y-*P]ATP and hybridized to poly(A)-selected BAT RNA (1 pg) at
58°C for 30 min. Reverse transcription was performed at 42°C for 1 h. The
extension products were analyzed by electrophoresis on a 6% denaturing poly-
acrylamide gel. A sequencing reaction using the same primer was run beside the
primer extension reaction.

Ribonuclease protection assays. Templates for in vitro transcription were
generated by PCR using genomic DNA as template. The T7 promoter sequence
was included in the 5" end of the downstream oligonucleotide primer to produce
genomic DNA fragments with the T7 promoter attached to the 3’ end. Tem-
plates for in vitro transcription were generated using the following primer pairs:
5'-CGCCCTCCCAGCCGCGGCCCT-3" and 5'-TAATACGACTCACTATAG

GGAGGGTGGCGGCTCGGACTAAGGCAA-3' for exon 1 and 5'-GCCGAT
TTTTTGCGCGTCCCCTTC-3" and 5'-TAATACGACTCACTATAGGGAG
GCTGGGACAAGGGTTCGCTCCAG-3' for exon 1A (the T7 promoter se-
quence is underlined). PCR products were gel purified and used as templates for
in vitro transcription to generate *?P-labeled antisense riboprobes (MaxiScript
kit; Ambion). Gel-purified riboprobes (4 X 10* to 8 X 10* cpm) were hybridized
with RNA samples at 56°C for 24 h and then digested with 100 U of RNase T1
and 0.25 U of RNase A for 30 min at 37°C (RPA II kit; Ambion). The digestion
products were precipitated with ethanol and analyzed on a 6% denaturing poly-
acrylamide gel.

DNA isolation and Southern analysis. Genomic DNA was isolated from
mouse tissues using the QIAamp tissue kit (Qiagen). DNA samples (20 pg) were
digested with the indicated restriction enzymes (New England Biolabs), sepa-
rated by electrophoresis on a 1.5% agarose MS (Boehringer Mannheim) gel, and
transferred to nylon filters (Nytran; Schleicher & Schuell). To generate genomic
DNA probes, specific restriction fragments were isolated from plasmid pSHY46
and radiolabeled with 3?P by random priming (Multiprime DNA labeling kit;
Amersham Pharmacia Biotech). Filters were incubated with probes in QuikHyb
hybridization solution (Stratagene) at 68°C for 1 h and then washed twice with
2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% (wt/vol)
sodium dodecyl sulfate (SDS) for 30 min at room temperature and once with
0.1X SSC-0.1% (wt/vol) SDS for 1 h at 68°C. Filters were exposed to Kodak
Bio-Max MR films. To separate maternal and paternal alleles, genomic DNA
(200 pg) from Gnas*'~ mice was digested with Bg/II and separated on a 0.8%
agarose gel. Gel slices containing ~10- and ~13.5-kb DNA fragments (contain-
ing the mutant paternal and normal maternal alleles, respectively) were excised,
and DNA was recovered from the gel slices using the QIAEX gel extraction kit
(Qiagen).

Collection of sperm and oocytes and DNA isolation. Mouse spermatozoa were
aspirated from the ductus deferens. Spermatozoa were lysed in 20 mM Tris-HCl
(pH 8.0)-20 mM EDTA-220 mM NaCl-80 mM dithiothreitol-4% SDS with
proteinase K (250 wg/ml) for 1 h at 55°C, and genomic DNA was isolated by
phenol-chloroform extractions followed by ethanol precipitation. Unfertilized
oocytes were collected 18 h after injection of human chorionic gonadotropin (5
1U; Sigma), as previously described (7), and washed several times in phosphate-
buffered saline to remove adhering maternal cells. E3.5d blastocysts were iso-
lated and provided by A. Grinberg, NICHHD, NIH. Pooled oocytes (100 to 150
oocytes/batch) and blastocysts (~50 blastocysts/batch) were incubated in 20 pl of
a solution containing 2 p.g of yeast tRNA, 1 mM SDS, and 280 ug of proteinase K
per ml for 1 h at 37°C and then incubated for 15 min at 98°C under mineral oil.

Bisulfite treatment. Bisulfite treatment was carried out essentially as previ-
ously described (49). Sperm DNA (0.1 png) was linearized with the restriction
enzyme EcoRI. DNA samples were denatured for 15 min at 37°C by adding 3 M
NaOH to a final concentration of 0.3 M. To maximize denaturation, the samples
were incubated at 95°C for 3 min and then immediately cooled on ice. Sodium
bisulfite (8.1 g; Sigma) was dissolved in 15 ml of water and then mixed with 1 ml
of 40 mM hydroquinone (Sigma). The mixture was adjusted to pH 5 by adding
600 pl of 10 N NaOH. Denatured DNA samples (110 pl) were mixed with 1 ml
of the bisulfite mixture and incubated at 55°C for 20 h under mineral oil. Samples
were desalted using the Wizard DNA Clean-Up system (Promega), and the
eluted DNA (in 50 pl of H,O) was desulfonated by the addition of 5.5 pl of 3 M
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NaOH and incubation at 37°C for 15 min. The samples were then neutralized by
the addition of 55 pl of 6 M ammonium acetate (pH 7.0), and the DNA was
ethanol precipitated, washed in 70% ethanol, dried, and redissolved in 20 ul of
water.

PCR of bisulfite-treated DNA and sequencing. In each experiment the upper
strand was specifically amplified from bisulfite-treated DNA by two rounds of
nested PCR. PCR reaction mixtures (total volume, 50 pl) contained a 0.5 mM
concentration of each primer, 1.5 mM MgCl,, deoxynucleoside triphosphates
(each at a concentration of 200 pM), and 2.5 U of Tag DNA polymerase
(Gibco/BRL), and the PCR cycling profile consisted of an initial 5-min denatur-
ation at 94°C, followed by 35 cycles of denaturation (94°C, 45 s), annealing (65°C,
45 s), and extension (72°C, 2 min), with a 10-min extension on the last cycle. In
the first PCR the template was 3 to 5 ul of bisulfite-treated genomic DNA, and
in the second PCR the template was 0.02 .l of the first PCR reaction mixture.
The initial upstream and downstream primers were 5'-GTTTATGGGT(T/C)G
GTTTTTTGAAGAGGTT-3' (positions —2620 to —2593) and 5'-TCTACCCT
ATCCC(G/A)ACTCTTACCTACT-3’ (positions —2284 to —2310) for the exon
1A DMR, 5'-GTAATTTTATAGGGTTTTATTG-3" and 5'-ATCCATTCTCTT
AAATACTCACC-3' for Nesp (34), and 5'-GATTTAGATAGTTTGTTGTTG
GTGT-3' and 5'-AAACCCCACTCCCCCCAATCAT-3' for Gnasxl (34). The
nested upstream and downstream primers were 5'-GGGTTGTTTTAGGTGG
TTGGTATTAG-3' (positions —2520 to —2495) and 5'-ACTCTTACCTACTC
(G/A)AACACCTC-3' (positions —2298 to —2320) for the exon 1A DMR, 5'-
GAGAGGATTAGTGGAGGTATTTTT-3" and 5'-ACTCACCCTCTAACTCT
ACAAAAAAT-3' for Nesp (34), and 5'-GTGTTGGTGTTTATTTTTTGTGT
T-3" and 5'-ACCCAACAAATTACCCAAAATACCA-3' for Gnasxl (34). The
amplified fragments were gel purified, and then either the fragments were di-
rectly sequenced with the nested upstream primer using the Thermo Sequenase
kit (Amersham Pharmacia Biotech) or the PCR products were subcloned into
pCRII-TOPO by TA cloning (Invitrogen) and individual clones were sequenced
using the same primer.

RT-PCR. Reverse transcription (RT)-PCR was performed on total RNA (1 pg
per sample) using a previously described protocol (41). The PCR cycling profile
consisted of an initial 4-min denaturation at 95°C, followed by 31 cycles of
annealing (56°C, 30 s), extension (72°C, 60 s), and denaturation (95°C, 30 s), with
a 10-min extension for the final cycle. The upstream and downstream primers
used were 5'-GGACACTCAGTCGCGTCGGCA-3' and 5'-CTCCGTTAAAC
CCATTAACAT-3' for exon 1A mRNAs and 5'-CGTCGACAACGGCTCCGG
CATGTGCAAAGC-3' and 5'-AATAGTGATGACCTGGCCGTCAGGCAGC
TC-3' for B-actin (39). RT-PCR reactions were run on 6% acrylamide gels
(Novex). Specific RT-PCR products were isolated from agarose gels and directly
sequenced.

Northern analysis. Northern analysis was performed as described previously
(48), except that the final washes were performed at 55°C. The exon 1 (positions
+1 to +125)- and 1A (positions —2543 to —2388)-specific probes were gener-
ated by PCR using the following primer pairs: 5'-ATGGGCTGCCTCGGCAA
CAGTAAGACCGAGGACCAGCGC-3' and 5'-CGGTGCGTGGCCCGGTA
GACCTGCTTGTCC-3' for exon 1 and 5'-CAGTCGCGTCGGCACCGCGGA
G-3' and 5'-GACGCACTCACACGCAAAGCAG-3' for exon 1A. The mouse
multiple-tissue Northern blot, containing poly(A) RNA from various adult
mouse tissues (2 pg/lane), was obtained from Clontech. Renal proximal tubules
and inner medulla were isolated as previously described (48).

Nucleotide sequence accession number. The nucleotide sequence discussed in
this paper has been deposited in GenBank under accession no. AF 152375.

RESULTS

General organization of Gnas exons 1 and 1A. Exon 1 con-
tains the 5’ untranslated region and initial coding sequence for
Gga (27). Sequencing of an ~7.4-kb mouse genomic DNA
fragment showed exons 1 and 2 to be separated by a 3,782-bp
intron. As in the human gene (27), the sequences just upstream
of the ATG initiator codon and downstream of exon 1 are
highly GC rich (70 to 80% [see Fig. 5]), with a high frequency
of CpG dinucleotides (10 to 20%), and therefore the Gga
promoter and first exon are located within a CpG island (4,
15).

We determined the exon 1 transcriptional start sites by both
primer extension analysis and ribonuclease protection assays.
Hybridization of a complementary **P-end-labeled oligonucle-
otide to BAT poly(A)-selected RNA followed by primer ex-
tension generated three major extension products consistent
with the presence of three major transcriptional start sites at
positions —208, —178, and —177 relative to the translational
start site, respectively (Fig. 2A). Ribonuclease protection as-
says produced three major protected fragments that were con-
sistent with the start sites determined by primer extension
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(data not shown). There were also several minor bands de-
tected in the ribonuclease protection assay that might repre-
sent either minor transcriptional start sites not detected by
primer extension or, perhaps, nonspecific digestion products.
Based upon sequence similarities, the most upstream start site,
at position —208, corresponds to the major transcriptional
start site present in the human gene (27).

Comparison of our genomic sequence with the nonrepetitive
entries in GenBank revealed that an alternative first exon
(referred to as A and B in human [36] and 1’ in dog [22], and
which we call 1A) is located ~2.5 kb upstream of exon 1 (Fig.
1), similar to its position in the human and canine genes (22).
Splicing of exon 1A to exon 2 generates two major alternative
mRNA transcripts by the use of alternative donor splice sites
(Fig. 2B). Exon 1A has no ATG codons, and its mRNAs are
probably untranslated.

We determined the exon 1A transcriptional start site by
ribonuclease protection assay (Fig. 2B). Hybridization of a
radiolabeled antisense riboprobe (positions —2661 to —2425)
to BAT total RNA followed by ribonuclease digestion pro-
duced a single specific ~119-base-long fragment, consistent
with the presence of a single transcriptional start site at about
position —2543. Multiple attempts at primer extension analysis
were unsuccessful. However, the start site determined by our
ribonuclease protection assay corresponds to the exon 1A tran-
scriptional start site in the canine gene which was determined
by both S1 nuclease and primer extension analysis (22).

The Gga proximal promoter and exon 1 are within an un-
methylated CpG island. Because Gga is expressed primarily
from the maternal allele in several tissues (e.g., BAT and renal
cortex), we wanted to determine if there were associated allele-
specific methylation differences within the Gga promoter and
exon 1. BAT genomic DNA was digested with either BstBI
alone, BstBI and BssHII, BstBI and Smal, or BstBI and Sacll,
and Southern analysis was performed using a 1,887-bp BstBI
genomic fragment (positions —653 to +1234 [Fig. 3]) as the
probe. BssHII, Smal, and Sacll only cut when the CpG
dinucleotides within their recognition sites are unmethylated.
Digestion of the DNA sample with BstBI alone produced the
1,887-bp BstBI fragment. The addition of BssHII, Smal, or
Sacll produced only fragments that result from complete di-
gestion by each methylation-sensitive restriction enzyme, with
no evidence of partial digestion products. Therefore, none of
the sites tested in this region are methylated on either the
maternal or paternal allele. Likewise, digestion of genomic
DNA with either PstI alone or PstI and the methylation-sen-
sitive enzyme Hpall, followed by hybridization with a 659-bp
Pst] genomic fragment (positions —567 to +92), demonstrated
no evidence for methylation of the Hpall sites (data not
shown). While methylation of closely spaced sites could not be
ruled out in this experiment, the results of both experiments
suggest that neither allele is methylated to a significant degree.
Southern analysis using a more downstream EcoRI probe (po-
sitions +315 to +1641) revealed that all Hpall sites within this
region are unmethylated, except for the most downstream site
at position +658, which appears to be methylated on both
alleles (data not shown but summarized [see Fig. 5]). There are
no further downstream Hpall sites within the intron. Hpall
sites as far upstream as position —637 are unmethylated, while
one or more sites between positions —960 and —939 are par-
tially methylated on the maternal allele (see below; Fig. 4 and
5). Therefore the Gga promoter and exon 1 are located within
an unmethylated CpG island (Fig. 5), and suppression of Gga
expression in the paternal allele is not associated with meth-
ylation of its promoter.
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FIG. 2. Determination of the exon 1 and 1A transcriptional start sites. (A) Primer extension of a 3*P-end-labeled primer complementary to exon 1 (left-pointing
arrow above sequence) was performed in the absence of RNA or in the presence of poly(A)-selected BAT RNA (1 pg). A sequencing reaction using the same primer
was run beside the primer extension reactions (G, A, T, and C). The major extension products and the corresponding transcriptional start sites are indicated on the
right. The exon 1 sequence is shown, with the first several bases of the coding sequence in bold. The major transcriptional start sites are indicated by right-pointing
arrows. The extent of the antisense riboprobe used for ribonuclease protection assay (data not shown, see text) is underlined. (B) An exon 1A-specific antisense
riboprobe (positions —2661 to —2425 [underlined in sequence]) was hybridized to yeast tRNA (30 pg), no RNA, or total BAT RNA (10 ng or 30 pg) and digested
with ribonuclease. Base pairs are shown on the left, and undigested riboprobe in the absence and presence of yeast tRNA is shown in the next two lanes, respectively.
The major digestion product and the corresponding transcriptional start site are indicated on the right. The exon 1A sequence is shown, with the first several bases of
the downstream intron in lowercase. The position of an alternative donor splice site is indicated by a vertical line, and the major transcriptional start site is indicated
with an arrow.

Identification of a DMR upstream of the Gga promoter. To polymorphic Hpall site at position —2298 (Fig. 4) that was
look for a DMR upstream of the Gga promoter, we performed present in the CD1 mice used in our studies but absent in
Southern analysis using more upstream genomic DNA probes. 129/SvJ mice, resulting in 397- and 449-bp Hpall restriction
To facilitate the assignment of parental alleles, we identified a fragments in CD1 and 129/SvJ, respectively (Fig. 4). Genomic
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FIG. 3. The Gga promoter and exon 1 are unmethylated. A restriction map of the 1,887-bp BsrBI fragment (positions —653 to +1234) showing BssHII (Bs), Smal
(Sm), and SaclI (S) sites is shown, and the lengths (in base pairs) of the restriction fragments produced by complete digestion with BstBI and each methylation-sensitive
enzyme are indicated. For Southern analysis (blot), BAT genomic DNA was digested with BstBI alone (Bst), BstBI and BssHII (Bst/Bs), BstBI and Smal (Bst/Sm), or
BstBI and Sacll (Bst/S) and hybridized with the 1,887-bp BstBI fragment. Based on these results all BssHII, Smal, and Sacll sites (both maternal [Mat] and paternal
[Pat]) are unmethylated (indicated by unfilled boxes above each site).
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FIG. 4. Identification of an upstream region with maternal-specific methylation. (A) Restriction map of the region spanning from the Bgl/II (Bg) site at position
—3600 to the PstI (P) site at position —567, with Hpall sites shown as vertical lines and exon 1A shown as a rectangle. The polymorphic Hpall site is indicated with
an asterisk. The four probes used for Southern analysis are indicated by thick lines (K, Kpnl; A, Avall; B, BamHI; Bst, BstB), with the restriction fragments derived
from the maternal allele shown under each probe. The restriction fragments derived from the paternal allele are shown below the map. The methylation status of the
maternal and paternal alleles at each Hpall site is shown above and below the map, respectively (filled boxes, methylated; unfilled boxes, unmethylated; half-filled boxes;
partially methylated). (B) Genomic DNA from 129 X CD1 (left) and CD1 X 129 (middle) mice was digested with KpnI and Avall (K/A), Kpnl-Avall and MspI (K/A/M),
or Kpnl-Avall and Hpall (K/A/H) and hybridized with the K-A (positions —2497 to —1574) fragment. Identical results were obtained in all tissues except for testis
(right) (data derived from 129 X CD1). (C) 129 X CD1 (left) and CD1 X 129 (right) genomic DNA samples were digested with Bg/II and BamHI (Bg/B), BgllI-BamHI
and Mspl (Bg/B/M), or Bg/II-BamHI and Hpall (Bg/B/H) and hybridized with the 1.5-kb upstream portion of the pSHY46 insert (positions —3050 to —1605). (D) 129 X
CD1 genomic DNA sample was digested with Kpnl and BstBI (K/Bst), KpnI-BstBI and Mspl (K/Bst/M), or Kpnl-BstBI and Hpall (K/Bst/H) and hybridized with the
K-Bst (positions —2497 to —653) fragment. The expected 243-bp band after Mspl or Hpall digestion is barely detectable in this experiment but was more clearly visible
in other experiments. (E) Genomic DNA was digested with PstI alone (P), PstI and MspI (P/M), or PstI and Hpall (P/H) and hybridized with the P (positions —1854
to —567) fragment. All sites in the paternal allele are unmethylated based on the presence of smaller bands of correct size which could be well resolved in some

experiments (data not shown).

DNA from 129 X CD1 and CD1 X 129 mice was digested with
Kpnl and Avall alone, Kpnl-Avall and Mspl, or Kpnl-Avall
and Hpall, and the filters were hybridized with a 923-bp Kpnl-
Avall fragment (positions —2497 to —1574 [Fig. 4]). This frag-
ment includes the two Hpall sites located within exon 1A. Mspl
and Hpall recognize the same sequence, but Hpall will only
cut if the CpG dinucleotide within the recognition site is
unmethylated, while MspI will cut whether or not the site is
methylated. Digestion with Kpnl and Avall produced the 923-
bp Kpnl-Avall fragment, while addition of MspI produced both
the 449- and 397-bp Hpall fragments (Fig. 4B). Digestion of
129 X CD1 DNA with Kpnl-Avall and Hpall produced the
923- and 397-bp fragments, but not the 449-bp fragment, indi-
cating that the maternal allele is methylated at all Hpall sites,
while the paternal allele is unmethylated. The CD1 X 129
sample produced the 923- and 449-bp fragments but not the
397-bp fragment, which is also consistent with methylation of
the maternal allele.

Identical results were obtained with DNA from multiple

adult tissues, including BAT, renal cortex, renal inner medulla,
lung, heart, liver, spleen, uterus, ovary, and cerebellum (data
not shown). Therefore, the maternal allele is methylated in all
tissues, both those in which Gga is imprinted (e.g., BAT and
renal cortex) and those in which it is biallelically expressed
(e.g., renal inner medulla and lung). The same results were
also obtained with DNA from postcoitus (7.5 days) embryos,
indicating that maternal-specific methylation is established by
the early postimplantation period (data not shown).

The only organ in which the methylation pattern was differ-
ent was the testis, where the DNA was almost completely
digested by Hpall (Fig. 4B). The ability of Hpall digestion to
produce both the 449- and 397-bp fragments in roughly equal
amounts confirms that both alleles are unmethylated within the
testis, which is composed mostly of male germ cells. The faint
remaining 923-bp band is most likely due to the presence of
testicular somatic cells (e.g., Sertoli and Leydig cells). Presum-
ably, the methylation is erased in primordial germ cells and is
not reestablished in the male germ line, consistent with lack of
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FIG. 5. Summary of the methylation status of Gnas exons 1 and 1A. Methylation of the maternal (Mat) and paternal (Pat) alleles at all sites which we examined
are summarized (filled boxes, methylated; open boxes, unmethylated; half-filled boxes, partially methylated). The pSHY46 insert is shown as a solid line, with the region
upstream of pSHY46 shown as a broken line. Exons 1A and 1 are shown as grey and white rectangles, respectively. A scale demonstrating positions (in base pairs)
relative to the Gga translational start site (ATG) in exon 1 is shown below. The unmethylated Gga promoter and exon 1 and differentially methylated exon 1A region
are delineated above. The region analyzed by bisulfite-modified genomic sequencing (as shown in Fig. 6) is delineated with a horizontal line. The GC content (expressed
as a percentage) and CpG dinucleotide frequency (expressed as a ratio of observed (Ob)/expected (Ex) is shown graphically below. These were generated with the

Genetics Computer Group software package using a 100-base window.

methylation of the paternal allele in later development. South-
ern analysis (data not shown) and bisulfite-modified genomic
sequencing (see below [Fig. 6]) of sperm DNA confirmed that
this region is unmethylated.

To examine methylation further upstream, genomic DNA
from CD1 X 129 and 129 X CDI1 mice was digested with
BamHI and Bgl/11, BamHI-Bgl1 and Mspl, or BamHI-BglII and
Hpall and hybridized with an ~1.5-kb genomic DNA probe
from the upstream portion of pSHY46 (Fig. 4A and C). Di-
gestion with BamHI and Bglll produced an ~2,000-bp frag-
ment, locating a Bg/II site to about position —3600. Digestion
with BamHI-Bg/II and Mspl produced the 449- and 397-bp
fragments, as well as an ~900-bp fragment, locating an Hpall
site at about position —3400. Digestion of the CD1 X 129
sample with BamHI-Bg/II and Hpall produced ~900- and 449-
bp bands from the unmethylated paternal allele and the
~2,000-bp band from the methylated maternal allele, confirm-
ing that the site at position —3400 is methylated in the mater-
nal allele. Analysis of the 129 X CD1 sample confirmed that
the maternal allele is the one that is methylated. The faint
bands seen with Hpall digestion of the 129 X CD1 sample are
probably due to incomplete digestion, although we cannot rule
out minimal methylation of the paternal allele. Further studies
are required to define the 5" extent of the DMR.

To determine the 3’ extent of the DMR, 129 X CD1 geno-
mic DNA was digested with Kpnl and BstBI, Kpnl-BstBI and
Mspl, or Kpnl-BstBI and Hpall and hybridized with a 1,844-bp
Kpnl-BstBI fragment (positions —2497 to —653 [Fig. 4A and
D]). Digestion with KpnI-BstBI and Hpall generated the 397-
bp but not the 449-bp fragments, as well as other fragments
resulting from complete Hpall digestion, indicating that the
paternal (but not the maternal) allele is unmethylated. The
methylated maternal allele produced 1,844- and ~1,550-bp
products, consistent with partial methylation of one or more of
three closely spaced sites between positions —960 and —939

and complete methylation of all other upstream sites. Genomic
DNA was then digested with PstI alone, PstI and Mspl, or PstI
and Hpall and hybridized with a 1,287-bp PstI fragment (po-
sitions —1854 to —567 [Fig. 4A and E]). Digestion with PstI
and Hpall produced the complete digestion products from the
unmethylated paternal allele and 1,218- and ~900-bp products
from the maternal allele (also consistent with partial methyl-
ation of sites between positions —960 and —939), complete
methylation of all other upstream sites, and no methylation at
the next downstream site at position —636. In summary, we
have identified a DMR (which we call the exon 1A DMR) that
is densely methylated on the maternal allele over a span of at
least 2 kb (Fig. 4 and 5).

The exon 1A DMR is a methylation imprint mark. Methyl-
ation of the exon 1A DMR is established by early postimplan-
tation development and is present in all somatic tissues, mak-
ing it a possible candidate to be a methylation imprint mark.
The hallmark of a methylation imprint mark is that its meth-
ylation is established during gametogenesis and maintained
throughout pre- and postimplantation development (12). We
determined the methylation status of the exon 1A DMR in
oocytes, sperm, and E3.5d blastocysts by bisulfite-modified ge-
nomic sequencing (10). Bisulfite treatment of genomic DNA
mutates unmethylated cytidines to uracils, while methylated
cytidines remain unmodified. After subsequent PCR, unmeth-
ylated cytidines are converted to thymine (T), while methyl-
ated cytidines remain as cytidine (C). PCR products were sub-
cloned and sequenced, and the methylation status of the sense
strand at 16 CpG sites located between positions —2478 and
—2312 was determined. At each site the percent of methylation
is defined as the percent of the individually sequenced PCR
products in which the C fails to convert to T. As shown in Fig.
6 (top row), all CpG sites, except for sites 7, 9, and 14, were
highly methylated in oocytes. Analysis of the maternal allele in
BAT produced similar results (DNA samples containing the
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FIG. 6. Methylation status of the exon 1A, Nesp, and Gnasxl DMRs in oocytes, sperm, and E3.5d blastocysts. The portions of the exon 1A, Nesp, and Gnasx]l DMRs
that were analyzed are indicated as filled rectangles in the schematic at the top. The results of methylation analysis by bisulfite-modified genomic sequencing at 16 CpG
sites in the exon 1A DMR in oocytes, sperm, and E3.5d blastocysts are shown in the top row. The bar graphs indicate the percent of alleles that were methylated at
each site. In blastocysts ~50% of the alleles were unmethylated (except at site 16), while the rest were methylated at all sites except sites 7, 9, and 14. Similar analysis
of 10 CpG sites within the Nesp DMR (34) and 12 CpG sites within the Gnasxl DMR (34) in oocytes, sperm, blastocysts are also shown (n = 9 to 19 clones sequenced).

maternal and paternal allele were isolated from Gnas™~ mice
by taking advantage of the fact that the targeted insertion
produces upstream fragments of different length after Bg/II
digestion) (data not shown). In contrast, these sites are un-
methylated in sperm DNA, consistent with our results from
Southern analysis of testis (Fig. 4B) and bisulfite-modified
genomic sequencing of the paternal allele in BAT (except for
site 16, which was methylated [data not shown]). Therefore
differential methylation of the exon 1A DMR is established in
female germ cells. In E3.5d blastocysts, ~50% of the alleles
were methylated and ~50% were unmethylated (Fig. 6).

Therefore the maternal-specific methylation of the exon 1A
DMR that is established during oogenesis appears to be main-
tained during preimplantation development, at a time when
the genome is undergoing global demethylation. These results
are consistent with the exon 1A DMR being a methylation
imprint mark.

Methylation analysis of Nesp and Grnasxl. We also examined
the methylation status of the Nesp and Gnasxl promoter re-
gions in germ cells and blastocysts. In adult tissues, the Nesp
promoter region is methylated on the paternal allele (34). Ten
CpG sites within the Nesp DMR are unmethylated in sperm
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FIG. 7. Expression studies of exon 1A mRNAs. (A) Paternal-specific expres-
sion of exon 1A mRNAs. RT-PCR was performed on BAT total RNA using an
exon 1A-specific upstream primer and an exon 2-specific downstream primer.
The position and size (in base pairs) of two major products are indicated on the
left. Mouse genotypes and the presence or absence of enzyme in the RT reaction
are indicated above. The results of RT-PCR analysis performed using B-actin-
specific primers are shown underneath. The two major mRNAs result from the
use of alternative donor splice acceptor sites, which are shown in Fig. 2B. (B)
Tissue distribution of exon 1A mRNAs. Mouse multiple-tissue Northern blot
obtained from Clontech (left) and a second blot prepared by us (right) (2 ug of
poly(A) RNA per lane in both panels) were hybridized with exon 1 and 1A
probes, which recognize 1.8- and 1.7-kb bands, respectively. The results shown do
not reflect the proportion of the two mRNAs, as the exposure time for the exon
1A probe was more than 10 times greater than that for the exon 1 probe. Sk
muscle, skeletal muscle; WAT, white adipose tissue; renal IM, renal inner me-
dulla; renal PT, renal proximal tubules.

and E3.5d blastocysts and minimally methylated in oocytes
(Fig. 6, middle row). Lack of methylation in sperm was con-
firmed by Southern analysis (data not shown). Based on South-
ern analysis and bisulfite-modified genomic sequencing, meth-
ylation in this region is established during postimplantation
development by E10.5d (data not shown). These results sug-
gest that the Nesp DMR is not a methylation imprint mark,
although we only examined a portion of the DMR and have
therefore not ruled out the presence of a methylation imprint
mark within other portions of the DMR.

The Gnasxl promoter region is methylated on the maternal
allele in adult tissues (34). Analysis of 12 CpG sites within the
Gnasxl DMR showed these sites to be methylated in >50% of
the alleles in oocytes (Fig. 6, bottom row). However, ~50% of
the alleles were also methylated in sperm and >50% of the
alleles were methylated in E3.5d blastocysts. One possible ex-
planation for these findings is that the maternal-specific meth-
ylation is not erased in the male or female germline. Further
studies are required to clearly define the temporal changes in
methylation of this DMR through development. In any case,
this region does not show the methylation pattern which is
typical of a methylation imprint mark, because the methylation
is not specific for female germ cells.

Exon 1A mRNAs are expressed only from the paternal al-
lele. We predicted that exon 1A mRNAs would only be derived
from the paternal allele because its promoter is methylated on
the maternal allele. We performed RT-PCR using an exon
1A-specific upstream primer and an exon 2-specific down-
stream primer on BAT total RNA derived from Gnas™'*,
Gnas™'~, and wild-type (Gnas™'") mice (Fig. 7A). In Gnas
knockout mice, the targeted insertion is located between the
upstream and downstream primers and therefore prevents am-
plification of the RT-PCR product. Two major products were
amplified from Gnas™* and Gnas™'" mice, but not from
Gnas™'~ mice, indicating that these mRNAs are only ex-
pressed from the paternal allele. Simultaneous amplification
with B-actin-specific primers ruled out differences in RNA
amount or integrity. Similar results were also obtained with

METHYLATION IMPRINT MARK IN Gnas 5815

renal proximal tubule RNA (data not shown). Northern anal-
ysis of BAT RNA using an exon 1A-specific probe was also
consistent with paternal-specific expression (data not shown).
Sequencing of the two major RT-PCR products demonstrated
the use of two donor splice sites (Fig. 2B). The position of the
downstream splice site is identical in mouse, dog, and human,
while the upstream splice site is unique to mouse (22, 36).

Exon 1A mRNAs are ubiquitously expressed. One possible
model to explain tissue-specific imprinting of Gga would be a
promoter competition model in which the Gga and exon 1A
promoters are reciprocally regulated. Suppression of the ma-
ternal exon 1A promoter would allow Gga to be maternally
expressed in all tissues. The paternal Gga promoter would be
suppressed in tissues where the exon 1A promoter is active and
would remain active in tissues where the exon 1A promoter is
silent. This model would predict that exon 1A mRNAs are
expressed only in tissues where Gga is imprinted (e.g., BAT
and renal proximal tubules). We determined the tissue distri-
bution of Gga and exon 1A mRNAs in multiple mouse tissues
by Northern analysis using exon 1- and 1A-specific cDNA
probes, which recognize specific 1.8- and 1.7-kb bands, respec-
tively (Fig. 7B). We estimate that, as was previously found in
dog (22), the levels of Gga mRNA are generally at least 10-fold
higher than those of exon 1A mRNA (the data in Fig. 7B do
not reflect equal exposure times). Like Gga, exon 1A mRNAs
are expressed in most tissues. Moreover there is a strong cor-
relation between the expression of Ggo and exon 1A mRNAs
in most tissues, suggesting that their promoters might be reg-
ulated by common mechanisms. Although we have not for-
mally ruled out competition between the Gga and exon 1A
promoters, our results suggest that this is not the major mech-
anism for tissue-specific imprinting of Gga.

DISCUSSION

As in the human homolog GNASI (27), the Gga promoter
and first exon in Gnas are highly GC rich with a large number
of CpG dinucleotides. CpG dinucleotides are underrepre-
sented in the genome except in highly GC-rich regions called
CpG islands (4, 15, 23). While CpG dinucleotides throughout
most of the genome are methylated, CpG islands which cor-
respond to promoters of ubiquitously expressed proteins (such
as Gga) remain unmethylated (4). Promoter methylation is
generally associated with transcriptional repression (23), and
the promoters of several imprinted genes are methylated on
the inactive allele (3, 12). In both the Igf2 (31) and Igf2r (20)
genes, tissue-specific differences in imprinting are correlated
with tissue-specific differences in allele-specific promoter
methylation. However, we found that in mice the Gga pro-
moter region remains unmethylated on both alleles in all tis-
sues. Therefore, allele-specific expression of Gga is not due to
promoter methylation. Studies of humans suggest that the Gqa
promoter in GNASI is also unmethylated (18). It is interesting
to note that this CpG island has 17 putative Sp1 binding sites,
as these sites may be important for protecting CpG islands
from de novo methylation (6, 30).

We have identified a new DMR (the exon 1A DMR) located
upstream of the Ggo promoter that is methylated only on the
maternal allele and have recently determined that the same
region in human GNASI is methylated in a similar manner
(J. Liu and L. S. Weinstein, unpublished data). This DMR also
appears to be a CpG island based on its GC content and the
density of CpGs (Fig. 5). Differentially methylated CpG islands
have been identified in other imprinted genes (14, 45). Tandem
direct repeats have been found in the vicinity of other DMRs
and have been implicated in establishing allele-specific meth-
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ylation (1, 12, 32). However, we did not identify any tandem
direct repeat elements within or near the exon 1A DMR in
mouse or human. We also did not locate the de novo methyl-
ation signal sequence that appears to be required to establish
methylation of the Igf2r imprint mark in the female germline
5).
Allele-specific methylation is generally erased in primordial
germ cells. DMRs whose methylation is reestablished during
gametogenesis and maintained throughout pre- and postim-
plantation development are presumed to be critical in estab-
lishing the maternal and paternal epigenotypes and have there-
fore been termed methylation imprint marks or core DMRs
(12). Other DMRs, whose methylation is established later in
postimplantation development, are often located within inac-
tive promoters and are probably important for maintaining (or
possibly are the result of) allele-specific differences in expres-
sion. Maternal-specific methylation of the exon 1A DMR is
established in female germ cells and maintained through pre-
and postimplantation development, and, therefore, this region
is a methylation imprint mark. A high density of methylated
CpG dinucleotides within CpG-rich DMRs may protect them
from the genome-wide demethylation that occurs during pre-
implantation development (19). Based on the results of bi-
sulfite-modified genomic sequencing, at least a portion of the
exon 1A DMR is densely (although not totally) methylated
prior to fertilization.

Consistent with maternal-specific methylation of its pro-
moter, exon 1A mRNA transcripts are only expressed from the
paternal allele. These RNAs are probably not translated, as
exon 1A lacks an ATG translational start site and there is no
evidence for the existence of translation products in vivo. Sev-
eral other imprinted genes encode untranslated RNAs (e.g.,
Xist, H19, and Snrpn) (3). The potential role of these untrans-
lated RNAs in the imprinting mechanism are poorly under-
stood, although there is evidence that the Xist untranslated
RNA might inactivate the X chromosome in cis by remaining
attached to and coating the chromosome (11). It remains to be
determined what roles, if any, the exon 1A mRNAs play in
Gnas imprinting or in preventing the exon 1A DMR from
being methylated in male germ cells.

Two additional regions of the Gnas transcriptional unit are
also differentially methylated in somatic cells, namely, the Nesp
and Gnasxl DMRs that include the NESP55 and XLas pro-
moters, respectively (Fig. 1) (17, 18, 34). Our studies examining
a portion of the Nesp DMR show that its methylation is not
established until postimplantation development, and therefore
this DMR does not appear to be a methylation imprint mark.
However, further studies will be required to rule out the pres-
ence of a methylation imprint mark within a different portion
of the Nesp DMR. A paternal-specific antisense RNA tran-
script that overlaps the Nesp DMR that may be important in
establishing the paternal epigenotype of Nesp has been re-
cently identified (44). Similarly, the methylation imprint mark
of the Igf2r gene includes a promoter for a paternal-specific
antisense transcript that is important for establishing the im-
printing of the Igf2r promoter in postimplantation develop-
ment (45). Our observation that Nesp methylation is not es-
tablished until postimplantation development is consistent
with Nesp imprinting being regulated by a similar mechanism.

The Gnasx] DMR is unusual in that it is partially methylated
in both sperm and oocytes and is resistant to demethylation
during preimplantation development. This suggests that either
the maternal-specific methylation is not erased in primordial
germ cells or that de novo methylation occurs in both male and
female gametes. In any case, this is not the pattern typical for
a methylation imprint mark. Studies of humans suggest that
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the paternal antisense transcript originates from a promoter
located at the 5" end of the Gnasxl DMR; therefore, this region
may be important for establishing the imprinting of Nesp (16).
Further studies will be required to determine when and how
differential methylation is established in the Gnasx/ DMR and
its role in establishing the imprinting of Gnas.

In various other imprinted regions methylation imprint
marks are required to establish the methylation of other dis-
tant DMRs within the same imprinted region, suggesting that
these regions are imprinting centers from which the maternal
and paternal epigenotypes of the whole imprinted region are
established (8, 14, 37, 45, 46). As the exon 1A DMR appears to
be a methylation imprint mark, it is possible that this region is
required to establish the maternal and paternal epigenotypes
throughout the Gnas locus. It remains to be determined if and
how the various Grnas DMRs regulate each other.

In humans with pseudohypoparathyroidism type Ib, a disor-
der characterized by renal resistance to parathyroid hormone
that is likely due to abnormal imprinting of Gga (24), the exon
1A DMR is unmethylated on both alleles (J. Liu and L. S.
Weinstein, unpublished data), strongly suggesting that this
DMR is important for the tissue-specific imprinting of Gga.
Models to explain how methylation of the exon 1A DMR leads
to imprinting of Ggo must account for the fact that the exon
1A DMR is methylated in all somatic tissues, while Ggo is only
imprinted in some tissues. One possibility is that the exon 1A
DMR contains binding sites for tissue-specific repressors that
can bind to the paternal allele but are unable to bind to the
maternal allele because its binding site is methylated. A second
possibility is that the exon 1A DMR contains a boundary ele-
ment that blocks activation of the Ggo promoter by an up-
stream tissue-specific enhancer in the paternal allele but does
not block promoter activation in the maternal allele because it
is methylated. A similar mechanism most likely explains how
the H19 DMR produces the reciprocal imprinting of H719 and
Igf2 (35). Finally, it is possible that the exon 1A and Gga
promoters on the paternal allele are reciprocally regulated,
due to competition for common enhancers or negative regu-
lation of the Gga promoter by exon 1A mRNAs. Our finding
that exon 1A mRNA expression does not correlate with allele-
specific expression of Gqa makes the promoter competition
model less likely. Further studies of mice in which the exon 1A
DMR is deleted or mutated will define the mechanisms by
which its differential methylation is established, the roles of the
DMR and its mRNAs in establishing and maintaining the
complex imprinting pattern of Gnas, and the mechanism by
which Gga is imprinted in a tissue-specific manner.
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